To evaluate the effect of the tidal cycle on the pore water nitrate dynamics in intertidal sediment, concentrations of inorganic nitrogen in water and sediment were monitored during tidal cycles in the mud flat of Tama Estuary, Japan. During submergence, nitrate concentration was highest in the overlying water and decreased monotonically with increasing depth in the sediment, suggesting that the primary source of nitrate in the sediment was nitrate transported from the overlying water. Pore water nitrate decreased remarkably during the initial 3-4 hours after the onset of exposure. Thereafter, it was constant or slightly increased until tidal flooding. In situ accumulation of nitrate at the end of exposure, however, did not exceed the nitrate concentrations in the overlying water. The inhibition of nitrate reduction and the stimulation of nitrification would explain the change of nitrate concentration, both consistent with the input of oxygen into the sediment following a 10 mm drop of the water table. In Tama Estuary sediments, the effect of the tidal cycle on the removal of combined nitrogen is rather negative, because high nitrate concentrations in the overlying water canceled the positive effect of nitrate accumulation by nitrification during exposure, while tidal oxygen intrusion have an inhibitory effect on sedimentary denitrification.
Introduction
For the nitrogen cycle in nearshore environments, the importance of benthic denitrification (i.e., microbial removal of biologically available nitrogen from the system) has been recognized for many years (Koike and Sørensen, 1988; Seitzinger, 1988 Seitzinger, , 1990 . Since denitrification is one type of dissimilatory nitrate reduction that occurs under anoxic conditions, the occurrence of denitrification requires a supply of organic materials as well as oxidized forms of nitrogen, such as nitrate and nitrite (Payne, 1973; Cole and Brown, 1980; Seitzinger, 1988) . In organic-rich nearshore sediments, both a supply of nitrate (nitrite) and the inhibitory effect of pore water oxygen on nitrate reducers are key factors in controlling the rate of dissimilatory nitrate reduction and denitrification (Seitzinger, 1988) . Two independent processes have been identified that govern the supply of nitrate (nitrite) to the upper layer of such sediments, i.e., one from bottom water and another from in situ nitrification. The latter process, mediated by nitrifying bacteria, requires the supply of oxygen to oxidize ammonium to nitrate (Henriksen and Kemp, 1988) .
In intertidal flats, the tidal cycle causes exposure and submergence of the sediments at short time intervals.
Therefore oxygen and nitrate (nitrite) fluxes from/to intertidal sediments may vary considerably during the cycle (Kristensen et al., 1994) . In an estuary, regular change of bottom waters, which are more saline at high tide and less saline at low tide, often causes large changes in nitrogenous nutrients, dissolved oxygen and organic matter inputs (Law et al., 1992; Hemminga et al., 1993) . These drastic changes of the external environment should affect the nitrogen dynamics in intertidal sediments. There have been many studies on denitrification (Kaplan et al., 1979; Van Raalte and Patriquin, 1979; Kaspar, 1982 Kaspar, , 1983 Oremland et al., 1984; Abd. Aziz and Nedwell, 1986; Slater and Capone, 1989; Law et al., 1991) and nitrification using intertidal sediments (Kaplan et al., 1979; Belser and Mays, 1980; Abd. Aziz and Nedwell, 1986) . Most of these studies, however, have not directly addressed the effect of the tidal cycles on the activities. Also, except for the studies by Kerner et al. (1990) and Koch et al. (1992) , few data have been available regarding interstitial nutrients and other environmental components during the tidal cycle in intertidal sediments, although the tidal cycle is of primary importance in characterizing the intertidal sediments. Kerner et al. (1990) studied the modeling of nitrate dynamics during the tidal cycle, but did not conducted detailed temporal survey of interstitial components. Koch et al. (1992) reported temporal change in oxidation-reduction potential (Eh) in a tidal flat sediment during tidal cycles, suggesting the importance of the upper 5 mm of sediment for the denitrification process. Resolution of their sediment sampling (5 cm intervals), however, failed to demonstrate any significant temporal changes in interstitial nitrogen.
The objective of this study is to elucidate the effect of the tidal cycle on the dynamics of inorganic nitrogen compounds in the intertidal sediment of a eutrophic estuary. Special attention is focused on the behavior of nitrate, because nitrate is a key component in understanding the processes of nitrate reduction and nitrification during the tidal cycle. To our knowledge, this is the first report to show the significant temporal changes in interstitial nitrate during the tidal cycle of intertidal sediments. Physical and biological processes governing the tidal change of nitrate metabolism are discussed based on the above findings together with a detailed survey of other sedimentary properties, such as water content and chlorinity.
Materials and Methods

Sampling
The study site is located on an intertidal flat of the Tama Estuary (Fig. 1) . Since the Tama River (138 km length) runs through southern part of Tokyo Metropolis and the population of its catchment area is approximately 5.4 million, the river water is subjected to heavy pollution mainly due to domestic wastes. In top 0-5 mm layer of the sediment, the texture was 21.2% clay (<0.002 mm), 22.6% silt (0.002-0.02 mm), 56.0% fine sand (0.02-0.2 mm), and 0.2% coarse sand (0.2-2.0 mm). Mean organic carbon and total nitrogen contents per dry weight of the sediment at 0-5 mm depth from October to December 1991 were 9.10 mgC g -1 (s.d. 0.95 mg g -1 , n = 83) and 0.842 mgN g -1 (s.d. 0.084 mg g -1 , n = 83), respectively. The slope of the sampling site was 0.56 cm m -1 . No macrophytes grew there. There were ca. 2000 individuals of macrobenthos (180 g fresh weight) per square meter at the sampling site in December 1991 and ca. 3200 individuals (126 g) in May 1992. Polychaeta was a dominant group of benthic animals in terms of both number and biomass.
In November and December 1991, sampling was conducted every one to a few hours during the 4 tidal cycles. There was no rainfall during the survey of exposure time. Two to four sediment cores were collected at each sampling using Plexiglas tubes (7.6 cm inner diameter) for the extraction of pore water by centrifugation (see below). The cores were immediately divided into 5-10 mm segments and then frozen in plastic bags using dry-ice. Additionally at least once during the submergence period, a core was collected with a Plexiglas tube (9.7 cm inner diameter) for the whole-core squeezing (see below). The sampling site was carefully chosen to avoid possible heterogeneity of the sediments in each sampling day. Cores were taken within a 5 m by 5 m area surrounded by shallow tidal creeks and/or pans of 5 to 20 cm depth.
At each sampling time during submergence, surface water samples were collected in November, and both surface and bottom water (5 cm above the sediment) in December. Water samples for chlorinity and nitrogenous nutrient analyses were collected using polyethylene bottles and immediately frozen with dry-ice. Water samples for nitrous oxide were collected by a glass syringe (100 ml) and transferred to serum bottles (15 to 30 ml) through a Tygon tube. After being flushed with ca. 30 to 60 ml of the sample water, the bottle was sealed with a butyl rubber stopper. The sample was poisoned with HgCl 2 solution (10 -3 M final concentration). The sampling procedure for dissolved oxygen in the overlying water was the same as for nitrous oxide, except for the use of oxygen bottles (20 ml). Water tem- perature and tidal height were measured at each sampling during the submergence period, and temperature at 1 cm depth in the sediment was measured during exposure. Each sampling procedure took 20 to 40 minutes and the given sampling time is taken as the center of each sampling period.
In addition, the sediment and overlying water were collected at roughly one to two months interval from May to October 1991 and in May 1992 to observe seasonal changes.
Extraction of sedimentary pore water
For the extraction of pore water by centrifugation, the sediment samples were thawed and divided into two portions. One portion was centrifuged at 3000 rpm for 15 minutes at 4°C using a double tube method. During the centrifugation, the pore water was filtered through a Whatman GF/F filter set at the bottom of the inner tube. Pore water samples were stored frozen for nutrient and chlorinity analyses. The other portion was used for water content and other measurements.
Extraction of pore water by the whole-core squeezing method was done at the study site immediately after sampling. Basically our set-up was similar to that described by Bender et al. (1987) , but with several modifications. The pore water was squeezed using an oil pressurized device, filtered through two GF/F filters set at the lower face of the piston and through a disc filter (0.45 µm), and collected by vaselined glass syringes (20 ml) using Tygon tubing. After collecting ca. 15 to 20 ml of pore water at each depth (2-5 mm interval), the syringe was capped with a needle and rubber stopper, and stored in ice water. Special care was taken to avoid air contamination during the procedure and the above whole procedure was completed within 1-1.5 hour.
In 1991 samples, a 5 ml sub-sample from the syringe was kept frozen for nutrient and chlorinity analyses. Another 5 ml was used for dissolved oxygen analysis using an oxygen electrode (see below), and the remaining sample (5 to 10 ml) was poisoned with HgCl 2 solution (10 -3 M final concentration) for nitrous oxide analysis. The addition of HgCl 2 solution to sediment may cause an artificial increase in pore water nitrous oxide (Kieskamp et al., 1988) . The HgCl 2 addition to filtered pore water samples in this study, however, gave no measurable changes (data not shown). In the 1992 samples, dissolved oxygen analysis was done with a gas chromatograph (see below) after poisoning with HgCl 2 . The above treatments were completed within 24 hours of sampling, except for the oxygen analysis on 15 December 1991 (within 48 hours).
For a blank in oxygen determination by the whole-core squeezing, we obtained about 9 µM for the extraction procedure blank and 1-26 µM during the preservation of the samples in the syringe under water up to 7 days, using oxygen-free water (detection limit of ca. 1-2 µM by the Winkler method). Another possible source of error in oxygen determination by the whole-core squeezing is oxygen consumption during the squeezing by the reaction of reduced metabolites accumulated in the anaerobic microsites of sediments (Jørgensen, 1977; Canfield and Des Marais, 1991) . If the above process occurs, it induces an underestimation of interstitial oxygen, although we were unable to evaluate this effect quantitatively. The precision of oxygen concentration measured by the whole-core squeezing ranged 4-14 µM, with a standard deviation of procedure blank (4 µM) and standard error of oxygen analysis by electrode or gas chromatograph (0.3-10 µM). Nitrous oxide concentration measured by the whole-core squeezing was not corrected, because the change during extraction and preservation was less than 5% of the original concentration found in this study.
Analytical procedures
Nitrate, nitrite and ammonium concentrations were determined colorimetrically with an autoanalyzer (TA-II, Technicon, New York, USA) using the methods of Wood et al. (1967) for nitrate, Bendschneider and Robinson (1952) for nitrite, and Grasshoff (1976) for ammonium, with slight modification for the autoanalyzer. Overlying water samples were centrifuged at 3000 rpm at 4°C before nutrient analysis.
Chlorinity was determined by Mohr's method with coulometric titration (Digital Chloridemeter type 4-2500, Labcono Buchler Instruments, Kansas City, USA).
Nitrous oxide was determined using a Shimadzu 7A gas chromatograph (Kyoto, Japan) fitted with a 63 Ni electron capture detector (ECD) and a molecular sieve 5A column (2 m × 4 mm i.d.). The purge and trap method described by Cohen (1977) was applied to introduce nitrous oxide in the sample water (0.5-5 ml) into the system. The percentage saturation of nitrous oxide against the atmosphere was calculated using the table of Weiss and Price (1980) and ambient temperature and salinity.
In the 1991 samples, dissolved oxygen concentration in the pore water samples was measured with an oxygen electrode (Rank Brothers, Cambridge, England) embedded in a temperature controlled small cell (ca. 1 ml in volume). An amount of pore water (5 ml) was injected directly into the cell to avoid contact with air. After overflowing ca. 4 ml of the sample, oxygen concentration was measured. Oxygen concentration of the calibration water was determined by the Winkler titration method with sodium azide modification (Alsterberg, 1925) . The same titration method was also applied for the oxygen samples of overlying water. In 1992, oxygen concentration in the pore water samples was determined by a gas chromatograph fitted with a gas stripping chamber, a molecular sieve 5A column (1 m × 4 mm i.d.) at -72°C cooled by dry-ice and CCl 4 -CHCl 3 mixture (1:1), and an ultrasonic detector (U-90, Tracor, Austin, USA) at 125°C (Lard and Horn, 1960) .
The water content of the sediment (weight of pore water/weight of wet sediment) was calculated by weight loss at 105°C after 1 day drying. 
Results
General characteristics of overlying water
Concentrations of nitrogenous nutrient at the study site were usually high due to loading from fresh river water (Table 1) . Nitrate ranged from 59.5 to 309 µM, nitrite from 3.2 to 38.6 µM, and ammonium from 19.7 to 263 µM. This was also true for nitrous oxide, which ranged from 20.1 to 223 nM and was supersaturated at all times (250 to 2200%). During the typhoon season in October, chlorinity, nitrite and ammonium concentrations were lower than in the other seasons, but nitrate remained at a rather high concentration. Dissolved gases, i.e., nitrous oxide and oxygen, did not show any clear trend. The seasonal change of nitrogenous nutrient related to precipitation and flow rate of the river water were also reported at the location of the upper limit of the estuary (Ichikawa, 1980; Tokyo Metropolis Bureau of Environmental Protection, 1992) .
Vertical profiles of interstitial components
Vertical profiles of oxygen, nitrate and nitrite obtained by the whole-core squeezing during the submergence period were similar to those shown in Figs. 2 and 3 throughout this study, although absolute concentrations were different from time to time. Dissolved oxygen concentration was usually highest in the overlying water and decreased with increasing depth in the sediment. We could not determine the exact depth at which it disappeared due to the low precision of the measurements. Nitrate and nitrite profiles were rather similar to that of oxygen, and nitrate decreased to trace values below 20 mm depth. A sharp decrease in nitrate from overlying water to the depths during the submergence period indicates that in situ production of nitrate through nitrification, even if it occurs, has only a minor effect on the observed nitrate profiles. Further, the upper 20 mm of the sediment was a main site of inorganic nitrogen metabolism, especially nitrate reduction. Nitrous oxide concentration had a maximum value in the overlying water or the top 10 mm depth in the pore water, and decreased gradually with depth in the sediment (Figs. 2 and 3) .
The pattern of nitrate profile obtained by the centrifugation method was similar to that obtained by the wholecore squeezing (Figs. 2, 4 and 5). The nitrite profile showed some difference depending on the extraction methods (Figs. 2, 4 and 5), although we could not identify the reason for this. Because of the possible disequilibrium between interstitial ammonium and that adsorbed on sediment particles due to the tidal cycle (Rosenfeld, 1979) , the interstitial ammonium profiles which we obtained may not reflect the concentrations at the sampling time. A minimum value of ammonium was often observed at 0-10 mm depth in the pore water and the concentration increased with depth.
Temporal changes during one tidal cycle (2 November)
and exposure (19) (20) A survey during one tidal cycle was conducted on 2 November. The length of exposure time at the sampling site was 5.38 hour and that of submergence was 8.22 hour. During the exposure period, the mean water contents at 0-5 mm and 5-10 mm depths were 40.6% and 39.4%, respec-derived mostly from the overlying water. Nitrate concentration in the top 5 mm decreased down to 72.7 µM at the peak of high tide (75 cm depth), then returned to 200 µM at the end of submergence. A similar but much less extended trend was observed down to 10-15 mm depth. Nitrous oxide concentration was highest in the overlying water at the onset of submergence, and it was highest at 6.2 mm depth in the sediment at the end (Figs. 2(a) and 2(b) ).
During the long exposure time on 19-20 December (7.92 hour), water content at the time of exposure was also significantly lower than that during submergence ( Fig. 7(a) ). On that occasion, however, water content decreased gradually during 2/3 of the exposure time (from 46.7% at 16:25 to 38.0% at 23:08 at 0-5 mm depth). The water table in polychaete burrows was observed to be ca. 10 mm below the sediment surface. Interstitial chlorinity at 0-5 mm depth showed an obvious increase throughout the exposure period, i.e., a 3.1% increase per hour against the concentration tively, while they were 44.1% and 42.3% during submergence ( Fig. 6(a) ). Chlorinity in the pore water increased throughout exposure, especially in the top 5 mm, i.e., a 2.5% increase per hour at 0-5 mm and 0.99% per hour at 5-10 mm against the concentration at the onset of exposure (Fig. 6(b) ). Chlorinity at the surface of the water column was found to increase with tidal height and decreased at the end of submergence. A similar trend was observed in the pore water.
Nitrate concentration in the pore water decreased during the initial half period of the exposure, thereafter it was constant until tidal flooding (Fig. 6(c) ). Immediately after tidal flooding (6 cm water depth), a sharp increase of interstitial nitrate at 0-5 mm depth was observed (from 56.3 µM to 176 µM). Since nitrate concentration in the overlying water just after tidal flooding (10:45) was 215 µM, the increased interstitial nitrate at 0-5 mm depth was probably at the onset of exposure (Fig. 7(b) ). A similar but less extended trend was found down to 10-15 mm depth (1.1% per hour at 5-10 mm). Nitrate in the pore water decreased sharply during the initial half period of exposure, and tended to increase thereafter (Fig. 7(c) ).
Temporal changes during submergence (15 December)
During submergence (with a time period of 6.75 hour) on 15 December, chlorinity in the bottom water (at 5 cm above the sediment) varied with tidal height. At the peak of high tide it became more than three times as high as just after tidal flooding (Fig. 8(b) ). Nitrate and nitrite concentrations in the bottom water also showed a tidal change and correlated inversely with chlorinity (r 2 = 0.98 for nitrate and r 2 = 0.95 for nitrite) (Fig. 8(c) ). The mixing ratio between river water of low salinity but high nitrate (nitrite) and highly saline sea water with low nitrate (nitrite) seemed to govern those concentrations in the bottom water during the tidal cycle. On the other hand, chlorinity and nitrate (nitrite) concentrations at the surface of the water showed less variation during submergence, although the maximum tidal height was only 25.5 cm (Figs. 8(b) and 8(c) ). These observations showed that the sharp vertical gradient of those components in the overlying water was maintained under calm conditions. Nitrate concentration in the pore water increased dramatically just after tidal flooding, as observed on 2 Novem- ber ( Fig. 8(c) ). At 0-5 mm depth, nitrate increased from 80.9 µM to 233 µM. On the other hand, interstitial chlorinity decreased after tidal flooding, reflecting the low chlorinity of flooding water (Fig. 8(b) ). At the same time, water content at 0-5 mm depth increased significantly, i.e., before submergence it was 37.5% while immediately after tidal flooding it was 46.7% ( Fig. 8(a) ). These changes in the sedimental characteristics could be traced down to 10-15 mm depth. During submergence, the change in pore water chlorinity, especially at the top 0-5 mm depth, followed that in the bottom water (Fig. 8(b) ). The magnitude of its response, however, was much less than that observed on 2 November. Nitrate concentrations in pore water during submergence showed no significant response to the change of nitrate in the bottom water. This was also true for dissolved oxygen and nitrous oxide in the pore water (data not shown).
Discussion
Change in pore water nitrate during exposure
We observed repeatable change of pore water nitrate during the exposure period of a tidal cycle. Nitrate concentration in the pore water decreased markedly for 3-4 hours after the onset of exposure, then it was rather constant or increased slightly (Figs. 6(c) and 7(c) ). Two other significant changes in sedimentary properties during exposure were (1) a lower water content than during submergence (Figs. 6(a) and 7(a)), and (2) a linear increase in interstitial chlorinity, especially in the top 5-10 mm (Figs. 6(b) and 
7(b)).
Drainage of pore water and/or evaporation probably decreased the water content during exposure, although we could not identify the relative importance of these two processes (Andersen and Howell, 1984) . Horizontal replacement of pore water due to drainage could affect interstitial chlorinity and nitrate concentration during exposure. We can calculate the velocity of the pore water flow (F) using the following equation based on Darcy's law (Yamamoto, 1992) :
where K is hydraulic conductivity (0.065-94 cm h -1 in the sediments of intertidal flats and salt marshes); S is slope of the water table; φ is porosity (Hemond and Fifield, 1982; Harvey et al., 1987) . We used the slope of the sediment at the study site (0.56 cm m -1 ) as that of the water table, since the drop of the water table was small (ca. 1 cm). Porosities were ca. 0.6-0.7 from the surface to 40 mm depth of the sediment. Using the higher values of hydraulic conductivity (94 cm h -1 ) and a porosity of 0.6, the calculated distance of pore water movement (4.8-7.0 cm) during the whole exposure time (5.5-8 hours) was of a similar order to our Plexiglas tubes (inner diameter: 7.6 cm). Thus, the effect of horizontal movement of pore water on the observed change in interstitial chlorinity and nitrate concentration would be minor.
Evaporation can cause an increase in interstitial chlorinity and nitrate concentration, and it can also induce upward transport of pore water from deeper sediment and increase their content in the top sediment layer. An increase in interstitial chlorinity during exposure could be due to evaporation and an upward movement of pore water. However, interstitial nitrate concentration decreased sharply with depth (Figs. 6(c) and 7(c) ). The effect of evaporation, therefore, would also be minor in the nitrate dynamics, even if it occurs. We conclude, therefore, that biological processes are primarily responsible for the large change of interstitial nitrate during exposure.
The sharp decrease in interstitial nitrate from the sediment-water interface downwards indicates that nitrate reduction in the sediment primarily controls the nitrate profile during submergence at the study site in winter and spring (Figs. 2, 3 and 4) . As for the source of interstitial nitrate, the contribution of nitrate in the overlying water would predominate, since no signature of nitrification was detected from the interstitial profiles of nitrate and nitrite. An interstitial nitrate peak is often used as an indication of active sedimentary nitrification (Koike and Sørensen, 1988) . When the supply from overlying water stopped during exposure, a rapid initial decrease of nitrate in the top (0-10 mm) sediments was observed, consistent with the above view. Using 15 N as a tracer in Tama Estuary sediments, Nishio et al. (1983) also indicated that more than 90% of nitrate consumed by nitrate reducing bacteria had its origin in the overlying water. Since most of the oxygen consumption would occur within the top 1 mm of organic-rich sediments, including the floc layer, active nitrification may be associated with this layer (Jørgensen and Revsbech, 1985) . But the obtained oxygen profiles indicated that this was not the case for our sediments because of the presence of dissolved oxygen at least in the top 0-0.5 cm depth (Figs. 2 and 3) .
We calculated the net reduction rate of nitrate from the decrease in nitrate content in the whole layer of the sediment during the initial phase of exposure. The rates were 126 µg atmN m -2 h -1 on 2 November (sediment temperature: 13.8-14.8°C) and 226 on 19 December (5.2-11.6°C), respectively. This evaluation of nitrate reduction agreed roughly with the previous measurements of nitrate reduction (309 µg atmN m -2 h -1 ) in subtidal sediment near our sampling site in December (Nishio et al., 1983) .
Inhibition of nitrate reduction and stimulation of nitrification by the increase in oxygen supply were the possible mechanisms explaining the steady or rather increased interstitial nitrate concentration from 3-4 hours after exposure (Figs. 6(c) and 7(c)). Although there are several possible oxygen sources to intertidal sediment during exposure, including benthic algal photosynthesis and bioturbation, supply from the air by direct contact with sediment would be the primary source. The algal contribution appears to be minor, because the change in interstitial nitrate observed during daytime (2 November) and nighttime (19-20 December) were similar. For the contribution of macrofaunal activities, previous observations showed that burrow waters of macrobenthos often became more reduced during exposure compared to conditions during submergence (Aller et al., 1983; Koike and Mukai, 1983) .
On the other hand, we found a significant decrease in the water content of surface sediment after exposure, which inevitably induced an intrusion of atmospheric oxygen into the sediment (Figs. 6(a) and 7(a) ). Based on the difference of water contents between exposure and submergence, maximum air penetration in top sediment during exposure was calculated to be 18% (v/v) for 0-5 mm depth and 10% (v/v) for 5-10 mm, respectively, at 23:08 on 19 December 1991. For intertidal sediments that are rich in organic materials, Brotas et al. (1990) indicated that simple removal of overlying water from the sediment surface did not change the penetration depth of dissolved oxygen in the sediments. A decrease in water content, as was observed in our study site, would therefore be crucial in inducing the oxidation of sediments at least a few hours after the onset of exposure, resulting in the inhibition of anaerobic denitrification in the top 1 cm depth (Seitzinger, 1988) . The above speculation about the mechanism of oxygen supply to the intertidal sediments at low tide was consistent with a previous observation on intertidal sediments in south-west England (Koch et al., 1992) . These authors found an upward trend of concentration were far from the concentrations observed at the first sampling time after tidal flooding. This discrepancy strongly suggests that other processes, such as molecular diffusion and/or physical turbulence (waves, resuspension) also contributed to the changes in interstitial nitrate and chlorinity at tidal flooding.
We also calculated the sediment-water fluxes of nitrate and chlorinity after correcting for the effect of direct infiltration, i.e., by the difference in nitrate and chlorinity content in the sediment between the calculated profiles as the result of infiltration and observed ones at the first sampling after tidal flooding (Table 2) . Further, the calculated fluxes were compared with the fluxes caused by the simple molecular diffusion calculated using the following equation of Fick's first law (Ullman and Aller, 1982) :
where F is downward flux per unit area per unit time; φ is porosity; D is molecular diffusion coefficient; C is concentration; z is depth. We used porosity at 0-5 mm depth and chlorinity and nitrate concentrations in the overlying water and the pore water at 0-5 mm depth observed at the first sampling after tidal flooding, and used m = 2 because of the porosity of our sediments (<0.7). Molecular diffusion coefficients of chloride and nitrate were taken from the table in Li and Gregory (1974) .
Observed fluxes of nitrate and chlorinity were 2-16 times (2 November) and 3-21 times (15 December) higher than the values calculated by molecular diffusion, respectively (Table 3) . These high fluxes can probably be attributed either to physical turbulence and/or bioturbation at the time of flooding (Rutgers van der Loeff et al., 1984; Kikuchi, 1986; Simon, 1989; Webster, 1992) . Because of the purge of air and the ample supply of nitrate from the overlying water, (a) Observed at 30 minutes before tidal flooding on 2 November, and at 2 hours 40 minutes before the flooding on 15 December. (b) Observed at 30 minutes after tidal flooding on 2 November, and at 15 minutes after the flooding on 15 December. (c) These concentrations in the pore water were calculated assuming that changes of concentrations in the pore water at in the pore water at tidal flooding were caused only by infiltration of the overlying water, using change in water content, concentrations in the pore water before the flooding, and concentrations in the overlying water after the flooding.
(d) Over lying water. oxidation-reduction potential (Eh) as the result of progressive drying of the sediments during exposure. Previous results obtained from agricultural soils also indicates that denitrification is controlled by the water content of the soil through the change in oxygen availability to microbes (Sexstone et al., 1985; Nishio, 1989; Parkin, 1990) . During the exposure period, maximum differences between sediment surface at the study site and lowest water level, and exposure duration were 34 cm and 5.38 hour on 2 November and 103 cm and 7.92 hour on 19-20 November, respectively. The lower water level as well as the prolonged exposure period would induce more oxic condition in the top sediments. The above effect was not clear for the initial 3-4 hours of exposure, as observed in the calculated net rates of initial nitrate reduction. A significant increase in interstitial nitrate, however, in the top 1 cm after 4 hours of exposure on 19-20 November may agree with the above view.
Change in pore water nitrate during submergence
After tidal flooding, the water content of the top sediment increased (Figs. 6(a) and 8(a)). Furthermore, chlorinity and nitrate concentration in the pore water also changed toward those in the overlying water (Figs. 6(b) , 6(c), 8(b) and 8(c)). At the transition of tidal flooding, the entry of water into the top unsaturated sediment (infiltration) and entry through the rising of water table (recharge) have been recognized (Harvey et al., 1987) . The former process is usually much more important for describing the water movement at the tidal flooding (Harvey et al., 1987) .
We calculated the changes in chlorinity and nitrate in the pore water (0-10 mm) at tidal flooding, assuming that only tidal infiltration caused the observed changes (Table  2) . Using changes in chlorinity and nitrate concentration at tidal flooding and estimated air volume of the sediment before the flooding, the calculated chlorinity and nitrate Table 3 . Fluxes of chlorinity and nitrate between the overlying water and sediment at tidal flooding, after correcting the effect of infiltration.
tidal flooding may be more favorable for nitrate reduction than conditions during the latter half period of exposure. The effect of bioturbation on nitrate flux would be the same during the whole period of submergence (Kristensen, 1988) . On the other hand, the physical effect of tidal flooding on interstitial nitrate would be transient, since physical turbulence decreases with increasing water depth (Webster, 1992) .
Effect of tidal cycles on nitrate dynamics in intertidal sediments
Since tidal cycles in intertidal sediments induce alternating oxic and reduced conditions in the top layer of sediments within short time intervals, a significant change occurs in nitrogen dynamics in the sediments, as was observed in this study. Although it has been argued that the tidal cycle would have a positive effect on the removal of combined nitrogen through denitrification from the tidal flat sediments, there has been no previous discussion whether the situation is true for all intertidal sediments, or only for some sediments under certain environmental conditions (Koch et al., 1992) .
One distinctive feature of nitrate dynamics in the Tama Estuary tidal flat sediment is the inhibition of nitrate reduction and stimulation of nitrification during the latter period of exposure (Figs. 6(c) and 7(c)). In organic-rich intertidal sediments like our study site, both the supply of nitrate and the inhibitory effect of dissolved oxygen are two key factors in controlling denitrification (Seitzinger, 1988) . In situ accumulation of nitrate (top 0-1 cm depth) at the end of exposure, however, did not exceed the nitrate concentration in the overlying water, as indicated by the distinct increase of interstitial nitrate after the onset of tidal flooding. Therefore, the possible positive effect of nitrate accumulation in the top sediments was overwhelmed by the rapid supply of overlying water nitrate at the time of tidal flooding. In Tama Estuary sediments during the study period, the major effect of the tidal cycle on the denitrification is its inhibition by tidal intrusion of oxic conditions, if we assume that denitrification activity during the submergence is not affected by the tidal cycle except for the transient phase.
On the other hand, in intertidal sediments receiving low overlying water nitrate concentrations, the stimulation of nitrification during exposure may induce an accumulation of interstitial nitrate, the concentration of which far exceeds that in the overlying water (Kerner et al., 1990) . Under such circumstances, the tidal cycle may have a positive effect on denitrification, since the accumulated nitrate can be denitrified during the subsequent submergence. To summarize the above argument, the effect of tidal cycle on nitrogen removal through denitrification in the intertidal sediments may not always be positive; rather, it depends on a combination of several factors, including nitrate concentrations in the overlying water and the extent of nitrate production through nitrification during exposure.
Because of the year-round high nitrate concentration of Tama Estuary waters (60-309 µM) due to urban pollution, and the relatively organic-rich texture of the sediment, a sharp decrease in nitrate from the overlying water to the sediments was observed in all seasons (Figs. 2, 3 and 4, and T. Usui, unpublished) . This was also true for the sediments during the exposure period, limiting the depth of nitrate reduction only to the top 1.5-2.0 cm (Figs. 6(c) and 7(c)). Interstitial nitrate probably also decreases after the tide recede from May to December, since our observation was done in the cold season, favorable for oxic condition in the sediments. However, a high temperature in summer may stimulate oxygen and nitrate reductions in the sediment (Jørgensen and Sørensen, 1985) , and interstitial nitrate can decrease during the whole period of exposure. The seasonal change of environmental factors would thus also be important in assessing the tidal effect on the nitrogen removal in the intertidal sediments.
(a) Expressed in gCl m -2 h -1 for chlorinity and in µg atmN m -2 h -1 for nitrate. Flux into the sediment is expressed as plus value. (b) Calculated using the difference between chlorinity or nitrate concentration in the sediment observed at first sampling after the flooding and those calculated as the result of infiltration (Table 2) . Time spans when the sediment-water flux occurred, i.e., time between tidal flooding and the start or end time of core sectioning, were 40-60 minutes on 2 November and 25-60 minutes on 15 December, respectively.
(c) Calculated by the equation of Fick's first law of diffusion using molecular diffusion coefficient.
